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approximately half as much D-LDH as DL-lactate-grown cells. This indicates that the D-LDH of M. elsdenii is a constitutive enzyme. However, lactate racemase (LR) activity was present in DL-lactate-grown cells, but was not detected in glucose-grown cells, suggesting that LR is induced by lactate. Acetate, propionate, and butyrate were produced similarly from both D-and L-lactate, indicating that LR can be induced by both D-and L-lactate. These results suggest that the primary reason for the inability ofM. elsdenii to produce propionate from glucose is that cells fermenting glucose do not synthesize LR, which is induced by lactate.
The production of propionate, a glucogenic substance, in the rumen is particularly important for ruminant physiology and nutrition. Megasphaera elsdenii is one of the main propionate producers in the rumen, especially when animals are fed high-grain diets (12) . This bacterium produces propionate from lactate which is produced by other bacteria (1, 12, 20) . It has been reported that M. elsdenii is the most important organism that contributes to the utilization of lactate in the rumen (8) , possibly playing an important role in the prevention of rumen acidosis (20) .
M. elsdenii is very unique in that it produces propionate from lactate but does not form propionate from glucose (15) . This is in contrast to most of other bacteria producing propionate from glucose, e.g., Selenomonas ruminantium, Succinimonas amylolytica, and Propionibacterium acnes (12, 16) . Veillonella alcalescens forms propionate from lactate, but does not ferment sugars (12, 18) .
Our interest was centered on why M. elsdenii does not produce propionate from glucose. The fermentation pathways of glucose and lactate in M. elsdenii are shown in Fig.  1 , based on the knowledge reported so far (2, 3, 5, 22) . First, it seems reasonable to assume that the reaction from pyruvate to D-lactate, a branching point, is a key to this problem. M. elsdenii has NAD-independent D-lactate dehydrogenase (iD-LDH) catalizing the reaction from D-lactate to pyruvate (6) . This type of LDH is known to be present in a variety of bacteria and usually converts lactate to pyruvate with no reverse reaction reported in intact cells (9) . On the contrary, NAD-dependent LDH (d-LDH) forms lactate from pyruvate, and there is no evidence that it functions in the opposite direction in vivo (9) . Theoretically, however, the LDH reaction itself must be reversible because it is an oxidation-reduction reaction. In fact, the conversion of pyruvate to lactate was demonstrated in a cell extract from M. elsdenii (13 (Fig. 1) .
We made an assumption that the metabolism from D-lactate to propionate, or the iD-LDH reaction itself, is suppressed when M. elsdenii is fermenting glucose. As the first approach to this problem, we focused on iD-LDH and lactate racemase (LR), which catalyzes the reaction after the iD-LDH reaction.
MATERIALS AND METHODS
Organism and culture conditions. M. elsdenii NIAH-1102, donated by H. Minato (National Institute of Animal Health, Tukuba, Japan), was grown as described previously (11 (Fig. 2B) . The overall reaction was observed by measuring the reduction of NAD at 340 nm. In this case, the assay mixture contained 400 ,uM NAD, 125 mM L-lactate, 2 U of dD-LDH (EC 1.1.1.28, from Leuconostoc mesenteroides; Oriental Yeast Ltd., Tokyo, Japan) per ml, and 0.1 ml of 6 .0, without dithiothreitol). The enzymes were then eluted with increasing concentrations of KP1 in a stepwise manner, i.e., 100 ml each of 100, 300, and 600 mM KPi (pH 6.0, with 1 mM dithiothreitol). The eluate was collected in 10-ml fractions, and iD-LDH activity was determined by DCIP reduction after the addition of 60 ,uM ZnCl2. LR activity was measured by the NAD reduction method described above. Proteins for molecular weight markers were purchased from Sigma Chemical Co.: carbonic anhydrase (29,000); chicken egg albumin (45,000); bovine serum albumin, monomer (66,000); dimer (132,000); and alcohol dehydrogenase from yeasts (150,000).
Determination of VFA and protein. Volatile fatty acids (VFA) were determined by gas chromatography (10) . Protein content in the crude enzyme solution was assayed by using Coomassie brilliant blue (4).
RESULTS
VFA production from glucose, D-lactate, L-lactate, and acrylate. In earlier studies, the extract of M. elsdenii grown on lactate converted acrylate to acetate, propionate, and butyrate (13, 14) . In our study, however, M. elsdenii did not grow on acrylate, indicating that at least the strain used in this study has an extremely low capacity to generate ATP from acrylate, i.e., to oxidize acrylate to acetate and butyrate (Fig. 1) . On the other hand, when acrylate was given to M. elsdenii with glucose, acrylate was metabolized exclusively to propionate ( (Fig. 1 ). It appears to be most likely that such cells lack iD-LDH and/or LR.
Activity of iD-LDH in crude enzyme solution from cells grown on glucose or DL-lactate. As shown in Fig. 3 , both the cells grown on glucose and those grown on DL-lactate had iD-LDH activity, the initial velocity of the former sample being nearly half of that of the latter. Since approximately equal amounts of cells were used to prepare extracts and the protein contents of the two extracts were almost equal, it is evident that the lactate-grown cells contained nearly twice as much iD-LDH as the glucose-grown cells. the effects of metal ions on iD-LDH activity. Addition of Zn2+ slightly stimulated the reaction, which is consistent with the fact that Zn2+ is a cofactor of this enzyme (6) . The complete inhibition of activity by EDTA may be due to the removal of Zn2+ from the enzyme. When Zn2+ was replaced by Mn2+ or Cu2' added in excess, enzyme activity was completely lost, whereas Co2' and Mg2" partially inactivated the enzyme. These results confirm that the reduction of ferricyanide is catalyzed by iD-LDH (6) . The effects of metal ions were exactly the same between the glucose-and lactate-grown cells, suggesting that M. elsdenii synthesizes identical iD-LDH irrespective of the fermentation substrate. Further confirmation was made by examining the substrate specificity and response to inhibitors (Table 2) , with results essentially similar to those reported previously (6, 9) . Activity of LR in cells grown on glucose or DL-lactate. Figure  5 shows LR activity measured by linking to the iD-LDH reaction. The extract from lactate-grown cells reduced DCIP when L-lactate was added as a substrate, clearly demonstrating the presence of LR (Fig. SB) . The velocity of the reaction was lower with L-lactate than with D-lactate, indicating that the LR reaction is rate limiting. On the other hand, no LR activity was detected in glucose-grown cells (Fig. SA) .
As described above, iD-LDH of M. elsdenii was completely inactivated by 0.1 mM CUSO4, but the dD-LDH pre_paration was not inactivated by this concentration of Cu +. Figure 6 shows LR activity measured by coupling to the dD-LDH reaction in the presence of 0.1 mM CuS04. Results essentially similar to the above-mentioned results were obtained, confirming that lactate-grown cells contained LR but glucose-grown cells did not possess LR to any detectable degree. Separation of iD-LDH and LR by DEAE-cellulose column chromatography. Figure 7 shows the elution pattern of iD-LDH and LR, in which the iD-LDH peak is seen in both the glucose-and lactate-grown cells. Since the two samples were prepared from an equal amount of cells and protein content was nearly equal between the two samples, the glucose-grown cells must have contained about half as much iD-LDH as the lactate-grown cells. On the other hand, the LR peak emerged when the sample from lactate-grown cells was applied, but with glucose-grown cells, no peak was detected corresponding to the LR peak. Measurement of the activity with the partially purified enzymes excludes to some extent the possibility that the glucose-grown cells contained a substance(s) inhibiting enzyme activity.
From the elution pattern, it could be deduced that the molecular weights of iD-LDH and LR are ca. 100,000 and 50,000, respectively. The molecular weight of iD-LDH from M. elsdenii has been reported to be 105,000 (17) , but no report is available on LR.
These results confirm that cells grown on glucose do not possess LR, although they contain iD-LDH. There may be other reasons why the iD-LDH reaction does not proceed from pyruvate to D-lactate in vivo, but evidently the lack of LR synthesis in the cells fermenting glucose provides the most decisive explanation for the fact that propionate is not produced from glucose.
In the rumen, M. elsdenii appears to occupy an ecological niche as a lactate utilizer (12, 20) and to be valuable as an organism that produces propionate from lactate. Since M. elsdenii is not subject to catabolite repression by glucose or maltose, its contribution to lactate catabolism is considered to increase after the feeding of readily fermentable carbohydrate which represses lactate utilization by Selenomonas species and other lactate utilizers (7, 19, 21) .
